Introduction
============

Late-onset hypogonadism (LOH) is a clinical and biochemical syndrome in ageing men (who have had normal pubertal development and normal male secondary characteristics) associated with low testosterone, age-related comorbidities, and deterioration in general health status, including obesity.[@b1-rru-7-035] The prevalence of the metabolic syndrome (MetS) is increasing, especially in patients with low testosterone levels, who are at increased risk for later development of MetS.[@b2-rru-7-035] Patients with MetS commonly suffer from combinations of risk factors, like central abdominal obesity, high blood pressure, increased fasting glucose levels, hyperinsulinemia/insulin resistance (IR), and dyslipidemia in the form of elevated triglycerides and reduced high-density lipoprotein.[@b3-rru-7-035],[@b4-rru-7-035] Aging increases the prevalence of the MetS and is associated with hypogonadism[@b5-rru-7-035] and erectile dysfunction (ED).[@b6-rru-7-035]--[@b8-rru-7-035] Hypogonadism, ED, visceral adiposity, IR, and MetS often coexist in the same population, increasing the risk of development of diabetes and cardiovascular disease, and affecting life expectancy.[@b9-rru-7-035]

Although the etiology of MetS is multifactorial, visceral obesity is a key modulator in the development of this syndrome.[@b10-rru-7-035] Aging is an important factor in promoting visceral adiposity.[@b11-rru-7-035] Aging is associated with increased body fat mass, visceral adipose tissue (VAT), and ectopic fat deposition, which in turn is related to worse health conditions in the elderly[@b12-rru-7-035] with an enhanced cardiovascular disease risk profile.[@b13-rru-7-035],[@b14-rru-7-035] Although VAT and subcutaneous adipose tissue (SAT) are both associated with adverse cardiometabolic risk factors, VAT is more correlated with these risk factors.[@b11-rru-7-035]

Accumulation of visceral fat may lead to development of IR, which is strongly associated with progression of cardiovascular disease.[@b15-rru-7-035] Visceral fat is an active endocrine organ which increases the production of inflammatory cytokines (eg, interleukin-6, tumor necrosis factor alpha), resulting in chronic inflammation and leading to the development of MetS parameters and ED.[@b16-rru-7-035] IR, which is strongly correlated with MetS, is a powerful predictor of ED.[@b17-rru-7-035],[@b18-rru-7-035] Moreover, improvement of IR ameliorates ED.[@b19-rru-7-035] Visceral fat is considered to be an independent predictor of dyslipidemia,[@b20-rru-7-035]--[@b22-rru-7-035] IR,[@b22-rru-7-035],[@b23-rru-7-035] and all-cause mortality in men,[@b24-rru-7-035] and glucose tolerance and IR can be modified by changes in visceral fat.[@b25-rru-7-035] Therefore, in the future, we need to clarify the exact mechanism by which improvement in IR induces ED recovery in the LOH model.

Testosterone replacement therapy (TRT) improves MetS parameters in patients with LOH,[@b26-rru-7-035] reduces obesity parameters, and improves health-related quality of life in patients with ED and LOH.[@b27-rru-7-035] TRT was shown to reduce waist circumference and fat mass in hypogonadal men.[@b28-rru-7-035] Administration of testosterone is associated with positive effects on body composition via decreased fat mass.[@b29-rru-7-035]--[@b31-rru-7-035] However, the mechanism of improvement in MetS parameters with TRT is still controversial, and the morphological changes occurring in the fat cell in this population is unclear. Therefore, in this study, we aimed to determine the effect of TRT on the morphology of fat cells in SAT and VAT, and on erectile function in hypogonadal aged male rats.

Materials and methods
=====================

Ten specific pathogen-free male Sprague-Dawley rats aged 20--22 months were randomly allocated into two groups, ie, aged male controls (control group, n=5) and aged males treated with testosterone (TRT group, n=5). All rats were subject to a baseline evaluation of weight and collection of blood samples for measurement of testosterone. The TRT group was injected with testosterone enanthate 25 mg subcutaneously every 2 weeks for 6 weeks (for a total of three injections). The testosterone level was confirmed at 1 week after the first injection of testosterone enanthate. Follow-up evaluations for all rats included body weight measurement and were done at 2, 4, and 6 weeks. The study was approved by the animal experiment committee of Sapporo Medical University, and its 1988 guidelines were followed as regards animal care, housing, and surgery.

Measurement of intracavernous pressure
--------------------------------------

After 6 weeks, the rats were anesthetized with pentobarbital sodium. The in vivo erectile response was evaluated by electrical field stimulation of the cavernous nerve. The response was expressed as the intracavernous pressure (ICP)/systemic mean arterial pressure (MAP) ratio.[@b32-rru-7-035] The rats were then sacrificed and samples of VAT and SAT were collected.

Histological analysis
---------------------

VAT was collected from the omental depot. Samples were embedded in paraffin and transverse paraffin sections were cut to 3 μm. Each slide was stained with hematoxylin-eosin. From five randomly selected sections of each model, the average fat cell size was calculated using Image-J software (National Institutes of Health, Bethesda, MD, USA). All measurements were done by a single examiner (SH) blinded to other data.

Statistical analysis
--------------------

The Student's *t*-test was used to compare changes in body weight and ICP/MAP in both groups. The Mann-Whitney *U* test was used as a nonparametric test to compare changes in median subcutaneous and visceral fat cell size and testosterone levels in both groups. We used StatView version 5.0 for Windows software (SAS Institute, Cary, NC, USA) for the statistical analyses. A *P*-value of \<0.05 was considered to be statistically significant.

Results
=======

The median testosterone level before the study was 0.60 (range 0.56--1.52) ng/mL and at 1 week after the first TRT was 3.00 (range 1.70--3.90) ng/mL. Baseline body weight in the control group was 937.5±45.5 g and in the TRT group was 862.5±31.5 g (difference not statistically significant). The change in body weight at 2, 4, and 6 weeks after TRT tended to decrease with time, but the change was not statistically significant ([Figure 1](#f1-rru-7-035){ref-type="fig"}). ICP/MAP was 0.427±0.042 in the TRT group and 0.384±0.146 in the control group (difference not statistically significant, [Figure 2](#f2-rru-7-035){ref-type="fig"}).

Representative microscopic findings in subcutaneous and visceral fat cells are shown in [Figure 3A and B](#f3-rru-7-035){ref-type="fig"}. The median subcutaneous fat cell size was 4.85×10^3^ (range 0.85--12.53×10^3^) μm^2^ in the control group and 4.93×10^3^ (range 6.42--19.7×10^3^) μm^2^ in the TRT group (difference not statistically significant, [Figure 4A and B](#f4-rru-7-035){ref-type="fig"}, respectively). In contrast, the median visceral fat cell size was significantly smaller in the TRT group (4.93×10^3^ μm^2^ \[range 0.51--14.88×10^3^\]) than in the control group (6.08×10^3^ μm^2^ \[range 0.77--19.97×10^3^\]; *P*\<0.0001, Mann-Whitney *U* test).

Discussion
==========

In the current study, we set out to address the important question about the underlying mechanisms of TRT in improving MetS parameters with a focus on adipose tissue changes which could modulate both cardiovascular disease and sexual health using an aged hypogonadal rat model. The reduction in visceral fat cell size using TRT was reported in a rabbit model of MetS[@b33-rru-7-035] and in a rat model of inherent obese type 2 diabetes.[@b34-rru-7-035] LOH is induced by reduction in testosterone with aging in the male.[@b35-rru-7-035] Physical alteration, including obesity, is one of the features of LOH; however, the mechanism via which TRT ameliorates obesity in the aged population is still unclear. Therefore, we conducted this study to determine how testosterone reduces the adipose tissue volume in aged hypogonadal rats.

Fat cells maintain triglyceride and free fatty acid levels, in addition to determination of IR, which is influenced more by visceral fat cells than by subcutaneous fat cells.[@b36-rru-7-035] VAT fat cells are more metabolically active, more sensitive to lipolysis, have more lipoprotein lipase activity,[@b37-rru-7-035] and have a stronger correlation with IR than SAT fat cells.[@b38-rru-7-035] Hypertrophic fat cells in VAT secrete adipocytokines, leading to development of a chronic low-grade inflammation, which is associated with IR.[@b39-rru-7-035] The outcome of our study is supported by VAT reduction with TRT in some clinical studies. TRT prevents a gain in VAT and loss of skeletal muscle in nonobese aging men.[@b40-rru-7-035] Also, TRT in eugonadal middle-aged abdominally obese men results in decreased VAT based on computed tomography, but no change in SAT.[@b41-rru-7-035],[@b42-rru-7-035]

The androgen receptor (AR) density is higher in VAT adipocytes than in SAT adipocytes.[@b43-rru-7-035],[@b44-rru-7-035] Therefore, androgens levels are more concentrated in VAT.[@b45-rru-7-035] AR affects the energy balance in male metabolism by its negative influence on adiposity.[@b46-rru-7-035] However, results are conflicting with regard to the effect of androgen on IR. Some male AR knockout mice studies showed almost intact insulin sensitivity, due to enhanced adiponectin secretion which is insulin-sensitizing;[@b46-rru-7-035],[@b47-rru-7-035] and others showed increased IR in AR knockout mice.[@b48-rru-7-035] The current study shows an insignificant weight reduction in aged male rats after TRT. This is consistent with a report by Vanderschueren et al,[@b49-rru-7-035] who showed that body weight and fat mass were not significantly different after TRT in aged orchidectomized rats. This could be explained by the fact that TRT achieved significant positive changes in body composition via increased muscle mass and reduction in fat mass.[@b50-rru-7-035],[@b51-rru-7-035] Overall, reduction of visceral fat cell size is induced by a direct pathway via AR and by an indirect pathway via accelerated metabolism through increased muscle mass. This reduction in visceral fat cell size may explain the sustained and significant weight reduction that has been reported with long-term use of TRT in clinical studies.[@b27-rru-7-035],[@b52-rru-7-035]

This study also failed to demonstrate improvement in erectile function after TRT. In contract with our results, the erectile response could be improved in aged rats with a testosterone implant.[@b53-rru-7-035] In clinical studies, TRT in men with LOH resulted in improved sexual function.[@b54-rru-7-035] This inadequate improvement might be explained by the slowly progressive nature of the influence of androgens on erection.[@b55-rru-7-035] In the clinical context, up to 6 months of TRT may be required before significant improvement in erectile function is observed.[@b1-rru-7-035] In our study, the subjects were old and close to the end of their life span, so we could not confirm the long-term effects of TRT on erectile function. In the future, we need to observe erectile function after long-term TRT.

This study has some limitations that need to be acknowledged. First, the number of animals included was small. We used very old rats close to the end of their life span, so the number of animals available for inclusion was limited. Second, we used a hypogonadal aged male rat model, which is usually associated with a high prevalence of one or more of the MetS parameters; however, we did not use MetS rat model and confirm the other cytokines other than testosterone after TRT. Third, it is unclear how much visceral fat cell reduction is needed to induce favorable metabolic changes. In the future study, it will be necessary to clarify the exact mechanism and long-term effects of TRT on visceral fat cell size, erectile function, and other cytokines in a larger number of animals. This should be investigated in a rat model of MetS in addition to aged rats.

Conclusion
==========

This is the first study clearly indicating that TRT can decrease the size of the visceral fat cell, which is a key modulator of MetS, but could not improve the ICP response in hypogonadal aged male rats. Further investigation is needed to clarify the exact rationale of TRT on the visceral fat cell.
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![The body weight change at 2, 4, and 6 weeks after TRT tended to decrease with time, although the change was not statistically significant.\
**Abbreviation:** TRT, testosterone replacement therapy.](rru-7-035Fig1){#f1-rru-7-035}

![Intracavernous pressure/mean arterial pressure was 0.427±0.042 in the TRT group and 0.384±0.146 in the control group (not statistically significant).\
**Abbreviations:** TRT, testosterone replacement therapy; ICP, intracavernous pressure; MAP, mean arterial blood pressure.](rru-7-035Fig2){#f2-rru-7-035}

![Microscopic findings for (**A**) subcutaneous and (**B**) visceral fat cells (×200).\
**Abbreviation:** TRT, testosterone replacement therapy.](rru-7-035Fig3){#f3-rru-7-035}

![Size of (**A**) subcutaneous and (**B**) visceral fat cells. Median subcutaneous fat cell size was 4.85×10^3^ (0.85--12.53×10^3^) μm^2^ in control group, and 4.93×10^3^ (6.42--19.7×10^3^) μm^2^ in the TRT group, respectively (not statistically significant). Median visceral fat cell size was significantly smaller in the TRT group (4.93×10^3^ \[0.51--14.88×10^3^\] μm^2^) than in the control group (6.08×10^3^ \[0.77--19.97×10^3^\] μm^2^; *P*\<0.0001, Mann-Whitney *U* test).\
**Abbreviations:** TRT, testosterone replacement therapy; NS, not significant.](rru-7-035Fig4){#f4-rru-7-035}
